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Discs large 1 (Dlg1) is a modular scaffolding 
protein implicated in the control of cell polarity 
through assembly of specific multiprotein 
complexes, including receptors, ion channels 
and signaling proteins, at specialized zones of 
the plasma membrane. Recent data have shown 
that in addition to these well-known interaction 
partners, Dlg1 may also recruit components of 
the vesicle trafficking machinery either to the 
plasma membrane or to transport vesicles. Here, 
we discuss Dlg1 function in vesicle formation, 
targeting, tethering and fusion, in both the 
exocytotic and endocytotic pathways. These 
pathways contribute to cell functions as major 
and diverse as glutamatergic activity in the 
neurons, membrane homeostasis in Schwann 
cell myelination, insulin stimulation of glucose 
transport in adipocytes, or endothelial secretion 
of the hemostatic protein, von Willebrand factor 
(VWF). 
 _________________________________________ 
Mammalian discs large 1 (Dlg1; also named 
synapse-associated protein-97) is a modular 
scaffolding protein, consisting of six protein-binding 
domains. These include a Lin-2, -7 (L27) domain, 
three post-synaptic density-95/Discs large/zona 
occludens-1 (PDZ) domains, a Src homology 3 (SH3) 
domain and a guanylate kinase (GUK) domain 
(Figure1B) (1, 2). The GUK domain is catalytically 
inactive, and so Dlg1 lacks intrinsic enzymatic activity 
(3). Dlg1 domains have various and sometimes 
intricate binding specificities. The PDZ domains 
contain a specific GLGF sequence that constitutes a 
hydrophobic cavity where the X-S/T-X-V/L C-terminal 
motif of their target protein binds (4, 5). This motif is 
present in a large number of proteins such as 
receptors, ions channels or signaling proteins (5). 
The L27 domain, which is exclusively found in 
scaffolding proteins, preferentially hetero- or homo-
oligomerizes (6, 7). In solution, Dlg1 exists as an 
elongated tetramer (8).Therefore, L27 interactions 
between scaffolding proteins allow the formation of 
supramolecular complexes (6). This domain may 
also interact with other target sequences which are 
found in a number of proteins but have not been 
clearly defined (9, 10). Finally, the SH3 domain 
interacts conventionally with proline-rich sequences 
(11, 12). Alternatively, this domain also forms a 
specific binding module with the GUK domain, even 
though the GUK domain may also behave as an 
independent binding domain (13-15). No consensus 
target sequence has been reported in either case. 
However, the GUK domain is often involved in 
interactions with cytoskeleton-associated proteins 
(13, 14, 16). Consistent with its structure, Dlg1 is a 
scaffold that organizes multiprotein complexes by 
physical interaction (1). Dlg1 subcellular localization 
depends on its interaction with partners but this 
protein has been reported to be mostly present at the 
membrane-cytoskeleton interface of cell-cell 
junctions (1, 17, 18). Therefore Dlg1 specifically 
assembles a combination of cell adhesion molecules, 
receptors or ion channels with cytoskeletal proteins 
and/or associate signaling components at specific 
plasma membrane sites (1). Dlg1 has both structural 
and signaling roles. The function of this scaffolding 
protein in controlling cell polarity was first shown in 
Drosophila. 
The Drosophila dlg gene encodes the sole 
orthologue of mammalian Dlg1 in this organism. 
Alternative splicing gives rise to two main isoforms of 
Drosophila Dlg, DlgS97, which contains an L27 
domain, and DlgA, which lacks an L27 domain 
(Figure 1A) (19). DlgA is the only form expressed in 
the epithelial tissues of Drosophila and is localized at 
septate junctions (the Drosophila counterpart of 
vertebrate tight junctions) via its PDZ2 domain (19-
21). Genetic analysis in the fruit fly has shown that 
dlg mutations cause embryonic lethality due to 
disruption of the epithelial cellular junctions, resulting 
in a defect in the polarization of apical proteins and in 
cell overgrowth (20, 22). The ectopic expression of 
mammalian Dlg1 reverses tumor formation in dlg 
mutant Drosophila (23, 24). However, whether 
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mammalian Dlg1 behaves like Drosophila Dlg as an 
oncosuppressor essential for establishing proper 
epithelial polarity is controversial. Some data support 
this notion: in humans, Dlg1 mislocalization and 
progressive loss of expression are frequently 
observed during epithelial cancer progression, and 
this protein is a target for several viral oncoproteins 
(25-30). In Dlg1-/- mice, which die as neonates 
because of craniofacial deformities, an increased 
proliferation of ocular lens cells was observed (31, 
32). This phenomenon is accompanied by an 
alteration in the distribution of polarity and cell-cell 
adhesion markers (33). Finally, in epithelial cells, 
Dlg1 localizes laterally at the site of cell-cell junctions 
by an indirect interaction, probably via a 
cytoskeleton-associated protein, with E-cadherin and 
regulates adherens junction integrity by recruiting 
PI3K to the complex (34, 35). However, Dlg1 
depletion does not appear to significantly alter 
epithelial apicobasal polarity since no obvious 
mislocalisation of tight junction markers has been 
reported (36). One possible explanation for these 
contradictory results is that the loss of Dlg1 has 
tissue specific effects on epithelial cell polarity. In 
addition, other Dlg family members (described below) 
have been shown to be expressed in mouse embryo 
epithelia and in human cultured epithelial cells that 
may have redundant functions with Dlg1 and/or may 
compensate for its loss (37, 38). 
Dlg expression is not restricted to epithelial cells. In 
the Drosophila larva, Dlg is localized to the synaptic 
contacts that form the neuromuscular junction. 
DlgS97 was reported to be the more prevalent 
isoform in neurons and muscles during fruit fly 
development (19, 39). At the glutamatergic synapse, 
Dlg is required for the targeting and clustering of its 
PDZ1-2 domain partners, the adhesion protein, 
Fasciclin II, and the Shaker K+ channel (40-42). 
Mammalian neuronal tissue has, in addition to Dlg1, 
three homologous proteins named post-synaptic 
density-95 (PSD-95), post-synaptic density-93 (PSD-
93) and synapse-associated-protein-102 (SAP-102), 
all three lacking an L27 domain. These four proteins 
are thought to play a key role in synapse assembly 
and plasticity (1, 43). Considering the high degree of 
functional redundancy among these four proteins, 
the in vivo importance of Dlg1 for brain function is 
unclear. Nevertheless, PSD-95 and PSD-93 were 
proposed to be more associated with the clustering 
and function of glutamatergic receptors at the 
synapse, whereas Dlg1 and SAP-102 might be more 
involved in the trafficking of these receptors to the 
synapse (44). 
Consistent with its evolutionarily conserved 
functions, Dlg1 has been shown to regulate polarity 
in a number of other cell types. Dlg1 function has 
been particularly well established in cultured 
astrocytes and T-cells. In migrating astrocytes, Dlg1 
is involved in the establishment and maintenance of 
antero-posterior polarity in concert with microtubule-
associated proteins: the tumor suppressor 
adenomatous polyposis coli and the motor protein 
dynein (45, 46). At the leading edge, by directly 
interacting with guanylate kinase-associated protein, 
Dlg1 recruits dynein which regulates microtubule 
dynamics (46). Dlg1 contribution to the establishment 
and stabilization of the immunological synapse by 
driving the formation of the T-cell receptor-associated 
functional signaling complex is also well 
documented. Dlg1 translocates to the T-cell-antigen-
presenting cell junction in response to TRC 
engagement and brings together a number of TCR 
signaling molecules such as the kinases Lck, p38 
and ZAP70, and the cytoskeleton-organizing proteins 
WASP and ezrin (47-51). 
During the past decade, investigations on Dlg1 
function in the formation and maintenance of 
specialized zones of the plasma membrane have 
contributed to the conclusion that conserved 
mechanisms govern the establishment of cell 
polarity. Among these mechanisms are protein 
trafficking and/or docking to the proper plasma 
membrane microdomains, protein clustering, and 
formation of dynamic multi-protein signaling 
complexes. More recently, Dlg1 function in the 
polarized trafficking of membrane components was 
shown to be dependent on its ability, directly or 
indirectly, to recruit a variety of vesicular trafficking 
proteins to vesicles or to the plasma membrane, and 
to bring them in close proximity to specific cargoes 
(Figure 1C). This review focuses on mammalian Dlg1 
function in vesicle formation, targeting, tethering and 
fusion in exocytotic and endocytotic pathways. 
Exocytosis 
Newly synthesized membrane proteins are targeted 
to their final destination following their packaging into 
a series of specific vesicles (52-54). Briefly, after 
synthesis in the endoplasmic reticulum (ER), 
immature membrane proteins are delivered by 
vesicular intermediates to the Golgi network, where 
they undergo post-translational modifications. At the 
trans-Golgi network (TGN), proteins are sorted into 
vesicles according to their intrinsic sorting motif. In 
epithelial cells and neurons, the clathrin adaptator 
protein complex 1 (AP-1) has been clearly shown to 
recognize the cytoplasmic sorting motif (often Tyr-
based or diLeu-based targeting motifs) of a number 
of proteins whose final destination is the basolateral 
or the somatodendritic membranes, respectively (55-
57). In addition, AP-1 recruits clathrin, a structural 
protein, which contributes to the formation of vesicles 
by membrane deformation. Similarly, the sorting 
motifs that route proteins to the apical and the axonal 
membranes (such as N- or O-glycosylation or 
glycosyl phosphoinositol-anchor) are localized in the 
extracellular or the transmembrane domains of 
membrane proteins (58-63). However, how these 
latter sorting motifs are recognized and how 
transport vesicles are shaped is unclear. After their 
sorting at the TGN, newly formed vesicles are 
transported across lengthy distances along 
microtubules by microtubule plus-end-directed 
motors of the kinesin family, either directly to the 
proper plasma membrane domain or indirectly 
through an endosomal compartment (64-69). Finally, 
protein delivery requires vesicle tethering and fusion 
with the specific target membrane. The exocyst 
complex regulates tethering of vesicles to the 
basolateral membrane of epithelial cells and to 
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domains of neurite outgrowth and axonal synapse-
assembly in neurons (70, 71). The soluble N-ethyl-
maleimide-sensitive fusion protein attachment-
protein receptor (SNARE) complexes, which 
comprise vesicle (v)-SNAREs and target (t)-SNAREs 
(the syntaxins) control the fusion of the vesicle to the 
target plasma membrane. Different t-SNAREs, 
syntaxin-3 and syntaxin-4, are localized at the apical 
and basolateral plasma membranes in epithelial cells 
(72-74). 
The first evidence for the contribution of Dlg1 to the 
trafficking of newly synthesized membrane proteins 
was obtained in neurons. Dlg1 interaction with its 
PDZ neuronal partners, such as the GluR1 subunit of 
the -amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid-type glutamate receptors (AMPARs), 
the NR2A subunit of the N-methyl-D-aspartate 
receptor (NMDAR) or the -subunits of the 
potassium channels Kv1 and Kv4.2, occurs very 
early in the partner biosynthetic pathway, while they 
are in the ER (75-78). These data suggest a role for 
Dlg1 in the immature partner processing and/or in 
their trafficking from the ER to the Golgi network. 
However, detailed data are still lacking concerning 
the exact functions of Dlg1in this early process. 
More convincingly, Dlg1 has been shown to directly 
or indirectly recruit motor proteins to post-Golgi 
vesicles which contain newly synthesized neuronal 
Dlg1 partners. Among these motor proteins are the 
microtubule-dependent motor proteins of the kinesin 
family, KIF1B and KIF17 (79, 80). Although the 
functional consequence of Dlg1 and KIF1B 
interaction is unknown, it has been shown that the 
neuron-specific protein motor, KIF17 and Dlg1 are 
present, in rat hippocampal neurons, in a complex 
with the PDZ scaffolding proteins, CASK, velis/MALS 
and Mint, which contributes to the transport of 
NMDARs along microtubules (68, 79). Dlg1 interacts 
with the NMDAR subunits NR2A or NR2B via its 
PDZ1 domain, whereas KIF17 binds directly to a 
PDZ domain of Mint (68). After their synthesis in the 
somatic ER, NMDARs follow an unusual secretory 
route into a specialized dendritic ER 
subcompartment that bypasses the somatic Golgi 
network and directly enters into the denditric Golgi 
outposts (79). Dlg1 is necessary for sorting NMDARs 
into this alternative secretory pathway. Inward 
rectifier potassium Kir2 channels are also in complex 
with SAP97, CASK, Mint and Velis/MALS in neurons 
suggesting that this alternative pathway may not be 
specific for NMDARs (81). Dlg1 and NR2 subunits 
dissociate before the insertion of NMDAR in the 
postsynaptic membrane (78). This mechanism 
depends on Dlg1 phosphorylation by 
Calcium/calmodulin kinase II on Ser232, which is 
located in the Dlg1 PDZ1 domain. Together, these 
data suggest that Dlg1 participates in NMDAR-
containing vesicle trafficking by bringing together 
NR2A/B and a multiprotein complex that includes 
KIF17. The interaction of Dlg1 and this complex may 
involve a direct association with CASK that was 
previously shown to bind Dlg1 via their respective 
L27 domains (82).  
Dlg1 has also been shown to directly interact with the 
actin-dependent motor protein, myosin VI. This motor 
protein binds to the L27 domain of Dlg1 specifically 
in neurons, since  an association between myosin VI 
and Dlg1 is not detectable in epithelial cells (10). In 
nerve growth factor-differentiated PC12 cells, Dlg1 
and myosin VI partially colocalize with an 
overlapping punctate pattern, likely to represent 
vesicles. In addition, they form a tripartite complex 
with the AMPAR subunit GluR1 (which directly 
interacts with the PDZ2 domain of Dlg1) (10, 83). 
Nash and coworkers have recently shown that a 
dominant negative construct that disrupts Dlg1 and 
myosin VI interaction specifically blocks AMPAR but 
not NMDAR delivery at the hippocampal synapse 
(84). Therefore, Dlg1 participates in AMPAR 
trafficking to the plasma membrane by bringing 
together the receptor and myosin VI. It is noteworthy 
that myosin VI is a unique member of the myosin 
family that moves away from the plasma membrane 
towards the pointed-end of actin filaments (85). 
Nevertheless, this motor protein was shown to 
contribute to exocytotic pathways in different cell 
types (86). In MDCK cells, myosin VI was reported to 
be involved, in concert with the adaptor protein, 
optineurin, and the small GTPase, Rab8, in the 
polarized AP-1B-dependent sorting of secretory 
cargoes from endosomes to the basolateral 
membrane (87). Myosin VI and optineurin were also 
shown to be required for the polarized delivery of the 
epidermal growth factor receptor to the leading edge 
of motile cells of epithelial origin (88). Recent data 
have suggested that myosin VI and optineurin may 
regulate the fusion of transport vesicles with the 
plasma membrane (89). However, the exact role of 
myosin VI in Dlg1-dependent AMPAR trafficking 
remains to be established. 
Besides its interactions with motor proteins in 
neurons, Dlg1 has also been shown to interact 
directly with the microtubule-dependent motor protein 
of the kinesin family, KIF13B (also named GAKIN), 
via its GUK domain. This interaction occurs in a 
variety of cells such as T-cells, epithelial and 
Schwann cells (13, 90, 91). Interaction with Dlg1 may 
regulate the microtubule-stimulated ATPase activity 
of KIF13B. Due to an intramolecular interaction 
within the full length protein that masks KIF13B 
motor domain to microtubules, the microtubule-
stimulated ATPase activity of KIF13B was shown to 
be very low in vitro (92). The interaction of KIF13B 
with a recombinant protein corresponding to the 
SH3-GUK region of Dlg1 inhibits the closed state of 
KIF13B and activates its microtubule-stimulated 
ATPase activity. Analysis of the functional 
consequences of Dlg1 and KIF13B interaction has 
led to the suggestion that these partners may 
participate in the remodeling of plasma membranes. 
In spreading MDCK cells transfected with GFP-
KIF13B, Dlg1 was shown to be transported to the tip 
of cell projections (90). Dlg1 is also transported to 
the plasma membrane  of Schwann cells by KIF13B 
and, as further discussed below, has been recently 
shown to participate in myelin biogenesis, which 
depends on the regulated sorting and recruitment of 
specific lipids and proteins to specialized 
subdomains of the plasma membrane (91). 
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Together, these results suggest that KIF13B and 
Dlg1 are responsible for the transport of vesicles to 
the dynamic sites of membrane remodeling. 
However, the specific cargoes that are transported 
together with Dlg1 remain to be identified. 
Although Dlg1 was first shown to be implicated in 
vesicle transport in neurons, this protein is also 
involved in protein sorting at the TGN in other cell 
types. In endothelial cells, Dlg1 was found to 
complex with clathrin and -adaptin, a subunit of AP-
1 (93). Endothelial cells are responsible for the 
secretion by exocytosis of the hemostatic and 
proinflammatory adhesive protein, von Willebrand 
factor (VWF) (94). VWF is stored in specific granules 
called Weibel-Palade bodies. At the TGN, the 
biogenesis of these granules requires VWF 
aggregation and an external scaffolding complex that 
contains clathrin and AP-1 (95). Dlg1 was recently 
shown to be part of this complex and to control the 
formation of Weibel-Palade bodies (93). Whether the 
role of Dlg1 in clathrin-dependent protein sorting at 
the TGN is restricted to specific granules, such as 
Weibel-Palade bodies, or can be generalized to other 
secreted proteins remains to be established. 
Dlg1 not only participates in vesicle transport and 
sorting, but this scaffold may also contribute to 
vesicle tethering and fusion with the plasma 
membrane by direct interaction with proteins of the 
exocyst complex and t-SNAREs, respectively. The 
exocyst complex protein, sec8, was first shown to 
directly interact with Dlg1 by performing a PDZ array 
using His-tagged sec8 protein as bait (96). In 
Schwann cells, Dlg1 interacts also with sec8 via its 
PDZ1-2 domains (91).  The functional consequence 
of this interaction, in Schwann cells, was investigated 
by depletion of Dlg1 or sec8 expression leading to 
impairment of myelination. Dlg1 was proposed to 
behave like a scaffold platform that controls the 
membrane addition necessary for myelination by 
coordinating vesicle transport and adhesion to 
plasma membrane subdomains of Schwann cells by 
direct interaction with KIF13B and sec8, respectively. 
Similarly, Dlg1 and sec8 interaction was shown in 
adipocytes (96). In these cells, the glucose 
transporter type 4 (Glut4) is redistributed from 
intracellular vesicles into plasma membrane lipid 
rafts in response to insulin (97). Fractionation 
experiments on sucrose gradients have shown that 
Dlg1 knocked down by siRNA inhibits the insulin-
induced assembly of the exocyst complex and Glut4 
translocation to the lipid rafts (96). Dlg1 depletion 
also reduces glucose uptake. Data suggest that in 
response to insulin, Dlg1 interacts with sec8, to 
promote the anchoring of the exocyst complex to the 
lipid rafts, allowing tethering of Glut4 vesicles at the 
adipocyte plasma membrane (98). It is noteworthy 
that the tethering step which involves Dlg1 differs 
between Schwann cells and adipocytes. In Schwann 
cells, Dlg1 is present at the vesicle surface, while in 
adipocytes Dlg1 is located at the plasma membrane 
in lipid rafts. Therefore, in the first case Dlg1 recruits 
sec8 at the vesicle membrane and in the second 
case at the target compartment.  
Dlg interaction with t-SNAREs was first shown in the 
Drosophila neuromuscular junction (99). The fly t-
SNARE protein, Gtaxin, which shares sequence 
similarity with the vertebrate syntaxin-18, was shown 
to be a Dlg partner using a yeast two-hybrid screen 
with a late embryonic Drosophila cDNA library and 
the GUK domain of Dlg as bait (99, 100). Genetic 
analysis has shown that the localization of Gtaxin to 
the neuromuscular junction depends on Dlg 
expression and that both proteins participate in the 
expansion of the subsynaptic reticulum, a highly 
convoluted and multilayered specialized postsynaptic 
membrane. It was suggested that Dlg regulates the 
localization of membrane addition to the synapse via 
its interaction with Gtaxin. In HaCaT human 
keratinocytes, Dlg1 coimmunoprecipitates and 
partially colocalizes at the plasma membrane with 
syntaxin-4 (101). Dlg1 localization was suggested to 
be dependent on syntaxin-4. However, the functional 
role of this interaction remains to be established. 
Endocytosis and endosomal trafficking pathways 
Membrane proteins are targeted to endosomes and 
lysosomes for desensitization, regulated ligand 
uptake or degradation. Internalization may be 
clathrin- or caveolin-dependent (102, 103). The 
specific cargoes (mostly glycosylphosphatidylinositol-
anchored proteins) that are internalized following 
caveolin-mediated endocytosis and the molecular 
details implicated in this pathway are not well 
identified (103). Clathrin-coated vesicle formation 
occurs in four major steps: 1/initiation or nucleation, 
2/cargo selection that requires the clathrin adaptator 
protein complex 2 (AP-2) and other cargo-specific 
adaptator proteins, 3/coat assembly and 4/dynamin-
dependent scission of the nascent vesicle from the 
plasma membrane (104-107). Vesicles are then 
uncoated and cargoes are sorted into early 
endosomes and are either recycled back to the 
plasma membrane in recycling endosomes or 
targeted to late endosomes for later degradation in 
lysosomes (102). A small number of studies have 
shown that Dlg1 participates in the vesicular 
trafficking implicated in endosomal trafficking 
pathways. 
In hippocampal neurons, Dlg1 has been reported to 
contribute to AMPAR endocytosis. Indeed, Osterweil 
and coworkers have shown that Dlg1 recruits myosin 
VI to endocytotic vesicles containing AMPARs (108). 
Both proteins are likely to be involved in the early 
stages of clathrin-mediated AMPAR endocytosis, 
because they form a tripartite complex with AP-2. 
These data should not be extrapolated to all the 
receptors which interact with Dlg1. Indeed, the NR2B 
subunit of NMDARs contains an endocytotic motif 
that binds directly to the µ2 subunit of AP-2, and is in 
close proximity to the Dlg1 binding site (109). Both 
proteins are therefore in competition for NR2B 
binding (109). In addition, Dlg1, which directly 
interacts with the 1-adrenergic receptor, was shown 
to be required for its efficient recycling in a model of 
exogenous expression. However, Dlg1 function is 
upstream to vesicular trafficking (110, 111). In fact, 
Dlg1 recruits protein kinase A anchoring protein-79 
to the complex that itself binds protein kinase A, 
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which phosphorylates the 1-adrenergic receptor. 
Receptor phosphorylation is the first step in the 
initiation of its internalization due to persistent 
activation. 
It has also been suggested that Dlg1 may participate 
in endosomal routes. Using a yeast two-hybrid 
screen, Chetkovich and coworkers have shown that 
the L27 domain of Dlg1 binds to hepatocyte growth 
factor receptor tyrosine kinase substrate (Hrs), a 
multifunctional endosomal protein that plays a central 
role in the downregulation of receptors (9, 112).  Hrs 
recruits clathrin to early ensosomes (113). In 
addition, this protein is a component of the 
endosomal-sorting complex required for transport-0 
(ESCRT-0) that plays a crucial role in sequestering 
ubiquitinated cargoes in clathrin-coated 
microdomains of early endosomes and recruits other 
ESCRT complexes (114, 115). Hrs and ESCRT are 
thus implicated in the down regulation of membrane 
receptors by lysosomal sorting and in regulating cell 
signaling by more obscure pathways. Hrs was also 
shown to participate in ESCRT-0-independent 
pathways such as in the transport of low-density 
lipoprotein-derived cholesterol from endosomes to 
the ER (116). The function of the Dlg1-Hrs complex 
remains to be investigated. 
Conclusion 
Most hypotheses regarding the function of Dlg1 are 
based on its involvement in the establishment and 
maintenance of cell polarity by contributing to 
channel and receptor targeting and clustering at the 
plasma membrane, to the assembly of functional 
signaling complexes, or to the regulation of 
cytoskeletal dynamics. A growing number of recent 
reports have suggested that Dlg1 also participates in 
several exocytotic and endocytotic pathways by 
controlling specific vesicle trafficking steps which are 
summarized in Figure 2. In this context, Dlg1 
behaves as a scaffolding platform that brings 
together at least one component of the vesicle 
trafficking machinery with a specific cargo. Dlg1-
mediated coupling between vesicle components and 
cargoes may facilitate their specific delivery to 
microdomains of the plasma membrane or to 
endosomes (Figure 1C). Cargoes which depend on 
Dlg1 for their trafficking are listed in Table1. Data are 
however still lacking concerning the exact pathways 
which are regulated by Dlg1 in interaction with 
syntaxin-4 or Hrs. 
Dlg1 function in vesicular trafficking may have some 
repercussion in human pathologies. A mutation in 
Dlg1 has been reported to be a risk factor for 
schizophrenia among male patients in the Japanese 
population (117, 118). However, the single-
nucleotide polymorphism which was implicated was 
found in the fourth large intron in the Dlg1 sequence, 
suggesting that an indirect mechanism may be 
involved. In addition, an alteration of Dlg1 expression 
levels has been reported in the dorsolateral 
prefrontal cortex of postmortem brains from patients 
with schizophrenia (119, 120). In these patients, an 
increased content of GluR1 in early endosomes 
isolated from brain combined with an augmented 
Dlg1 expression in brain homogenates have recently 
been reported (119). These data are consistent with 
an increased Dlg1-dependent GluR1 endocytosis in 
schizophrenia. In addition, in the hippocampus of 
patients at initial stages of Alzheimer disease, the 
synaptic expression levels of disintegrin and 
metalloproteinase 10 (ADAM10) are reduced, 
whereas GluR1 levels are augmented (121). Dlg1 is 
not only involved in AMPAR trafficking to the 
glutamatergic synapse but also contributes to the 
exocytotic sorting of ADAM10, which has been 
shown to have an -secretase activity that precludes 
amyloid- formation (12). In the hippocampus of 
Alzheimer patients, the coimmunoprecipitation of 
Dlg1 and ADAM10 is reduced, whereas that of Dlg1 
and GluR1 is augmented (121). These data suggest 
that an alteration in the ability of Dlg1 to bind and 
regulate the trafficking of ADAM10 and GluR1 may 
participate, as observed during the early stages of 
Alzheimer disease, in the shift of the amyloid 
precursor protein metabolism to amyloidogenesis 
and in impairing gutamatergic function of the 
synapse, respectively. Because a number of human 
diseases present associated membrane trafficking 
defects, our understanding of how scaffolding 
proteins such as Dlg1 may finely tune vesicular 
trafficking could be of help to design effective 
therapeutic strategies (122).  
Acknowledgements 
The authors are grateful to Mary Osborne-Pellegrin 
and Catherine L. Jackson for their kind editorial 
assistance and useful comments on this manuscript. 
References 
1. Funke L, Dakoji S, Bredt DS. Membrane-
associated guanylate kinases regulate adhesion and 
plasticity at cell junctions. Annu Rev Biochem 
2005;74:219-245. 
2. Lue RA, Marfatia SM, Branton D, Chishti AH. 
Cloning and characterization of hdlg: the human 
homologue of the Drosophila discs large tumor 
suppressor binds to protein 4.1. Proc Natl Acad Sci 
U S A 1994;91(21):9818-9822. 
3. Kuhlendahl S, Spangenberg O, Konrad M, Kim E, 
Garner CC. Functional analysis of the guanylate 
kinase-like domain in the synapse-associated protein 
SAP97. Eur J Biochem 1998;252(2):305-313. 
4. Jelen F, Oleksy A, Smietana K, Otlewski J. PDZ 
domains - common players in the cell signaling. Acta 
Biochim Pol 2003;50(4):985-1017. 
5. Luck K, Charbonnier S, Trave G. The emerging 
contribution of sequence context to the specificity of 
protein interactions mediated by PDZ domains. 
FEBS Lett 2012;586(17):2648-2661. 
6. Feng W, Long JF, Fan JS, Suetake T, Zhang M. 
The tetrameric L27 domain complex as an 
organization platform for supramolecular assemblies. 
Nat Struct Mol Biol 2004;11(5):475-480. 
7. Schultz J, Milpetz F, Bork P, Ponting CP. 
SMART, a simple modular architecture research tool: 
identification of signaling domains. Proc Natl Acad 
Sci U S A 1998;95(11):5857-5864. 
8. Marfatia SM, Byron O, Campbell G, Liu SC, 
Chishti AH. Human homologue of the Drosophila 
discs large tumor suppressor protein forms an 
  Dlg1 in the vesicle trafficking machinery 
 
6 
 
oligomer in solution. Identification of the self-
association site. J Biol Chem 2000;275(18):13759-
13770. 
9. Chetkovich DM, Bunn RC, Kuo SH, Kawasaki Y, 
Kohwi M, Bredt DS. Postsynaptic targeting of 
alternative postsynaptic density-95 isoforms by 
distinct mechanisms. J Neurosci 2002;22(15):6415-
6425. 
10. Wu H, Nash JE, Zamorano P, Garner CC. 
Interaction of SAP97 with minus-end-directed actin 
motor myosin VI. Implications for AMPA receptor 
trafficking. J Biol Chem 2002;277(34):30928-30934. 
11. Godreau D, Vranckx R, Maguy A, Goyenvalle C, 
Hatem SN. Different isoforms of synapse-associated 
protein, SAP97, are expressed in the heart and have 
distinct effects on the voltage-gated K+ channel 
Kv1.5. J Biol Chem 2003;278(47):47046-47052. 
12. Marcello E, Gardoni F, Mauceri D, Romorini S, 
Jeromin A, Epis R, Borroni B, Cattabeni F, Sala C, 
Padovani A, Di Luca M. Synapse-associated protein-
97 mediates alpha-secretase ADAM10 trafficking 
and promotes its activity. J Neurosci 
2007;27(7):1682-1691. 
13. Hanada T, Lin L, Tibaldi EV, Reinherz EL, Chishti 
AH. GAKIN, a novel kinesin-like protein associates 
with the human homologue of the Drosophila discs 
large tumor suppressor in T lymphocytes. J Biol 
Chem 2000;275(37):28774-28784. 
14. Kim E, Naisbitt S, Hsueh YP, Rao A, Rothschild 
A, Craig AM, Sheng M. GKAP, a novel synaptic 
protein that interacts with the guanylate kinase-like 
domain of the PSD-95/SAP90 family of channel 
clustering molecules. J Cell Biol 1997;136(3):669-
678. 
15. McGee AW, Dakoji SR, Olsen O, Bredt DS, Lim 
WA, Prehoda KE. Structure of the SH3-guanylate 
kinase module from PSD-95 suggests a mechanism 
for regulated assembly of MAGUK scaffolding 
proteins. Mol Cell 2001;8(6):1291-1301. 
16. Sabio G, Arthur JS, Kuma Y, Peggie M, Carr J, 
Murray-Tait V, Centeno F, Goedert M, Morrice NA, 
Cuenda A. p38gamma regulates the localisation of 
SAP97 in the cytoskeleton by modulating its 
interaction with GKAP. EMBO J 2005;24(6):1134-
1145. 
17. Muller BM, Kistner U, Veh RW, Cases-Langhoff 
C, Becker B, Gundelfinger ED, Garner CC. Molecular 
characterization and spatial distribution of SAP97, a 
novel presynaptic protein homologous to SAP90 and 
the Drosophila discs-large tumor suppressor protein. 
J Neurosci 1995;15(3 Pt 2):2354-2366. 
18. Lue RA, Brandin E, Chan EP, Branton D. Two 
independent domains of hDlg are sufficient for 
subcellular targeting: the PDZ1-2 conformational unit 
and an alternatively spliced domain. J Cell Biol 
1996;135(4):1125-1137. 
19. Mendoza C, Olguin P, Lafferte G, Thomas U, 
Ebitsch S, Gundelfinger ED, Kukuljan M, Sierralta J. 
Novel isoforms of Dlg are fundamental for neuronal 
development in Drosophila. J Neurosci 
2003;23(6):2093-2101. 
20. Woods DF, Hough C, Peel D, Callaini G, Bryant 
PJ. Dlg protein is required for junction structure, cell 
polarity, and proliferation control in Drosophila 
epithelia. J Cell Biol 1996;134(6):1469-1482. 
21. Hough CD, Woods DF, Park S, Bryant PJ. 
Organizing a functional junctional complex requires 
specific domains of the Drosophila MAGUK Discs 
large. Genes Dev 1997;11(23):3242-3253. 
22. Bilder D. PDZ proteins and polarity: functions 
from the fly. Trends Genet 2001;17(9):511-519. 
23. Thomas U, Phannavong B, Muller B, Garner CC, 
Gundelfinger ED. Functional expression of rat 
synapse-associated proteins SAP97 and SAP102 in 
Drosophila dlg-1 mutants: effects on tumor 
suppression and synaptic bouton structure. Mech 
Dev 1997;62(2):161-174. 
24. Javier RT. Cell polarity proteins: common targets 
for tumorigenic human viruses. Oncogene 
2008;27(55):7031-7046. 
25. Cavatorta AL, Fumero G, Chouhy D, Aguirre R, 
Nocito AL, Giri AA, Banks L, Gardiol D. Differential 
expression of the human homologue of drosophila 
discs large oncosuppressor in histologic samples 
from human papillomavirus-associated lesions as a 
marker for progression to malignancy. Int J Cancer 
2004;111(3):373-380. 
26. Gardiol D, Kuhne C, Glaunsinger B, Lee SS, 
Javier R, Banks L. Oncogenic human papillomavirus 
E6 proteins target the discs large tumour suppressor 
for proteasome-mediated degradation. Oncogene 
1999;18(40):5487-5496. 
27. Gardiol D, Zacchi A, Petrera F, Stanta G, Banks 
L. Human discs large and scrib are localized at the 
same regions in colon mucosa and changes in their 
expression patterns are correlated with loss of tissue 
architecture during malignant progression. Int J 
Cancer 2006;119(6):1285-1290. 
28. Hirata A, Higuchi M, Niinuma A, Ohashi M, 
Fukushi M, Oie M, Akiyama T, Tanaka Y, Gejyo F, 
Fujii M. PDZ domain-binding motif of human T-cell 
leukemia virus type 1 Tax oncoprotein augments the 
transforming activity in a rat fibroblast cell line. 
Virology 2004;318(1):327-336. 
29. Lee SS, Weiss RS, Javier RT. Binding of human 
virus oncoproteins to hDlg/SAP97, a mammalian 
homolog of the Drosophila discs large tumor 
suppressor protein. Proc Natl Acad Sci U S A 
1997;94(13):6670-6675. 
30. Watson RA, Rollason TP, Reynolds GM, Murray 
PG, Banks L, Roberts S. Changes in expression of 
the human homologue of the Drosophila discs large 
tumour suppressor protein in high-grade 
premalignant cervical neoplasias. Carcinogenesis 
2002;23(11):1791-1796. 
31. Caruana G, Bernstein A. Craniofacial 
dysmorphogenesis including cleft palate in mice with 
an insertional mutation in the discs large gene. Mol 
Cell Biol 2001;21(5):1475-1483. 
32. Nguyen MM, Nguyen ML, Caruana G, Bernstein 
A, Lambert PF, Griep AE. Requirement of PDZ-
containing proteins for cell cycle regulation and 
differentiation in the mouse lens epithelium. Mol Cell 
Biol 2003;23(24):8970-8981. 
33. Rivera C, Yamben IF, Shatadal S, Waldof M, 
Robinson ML, Griep AE. Cell-autonomous 
requirements for Dlg-1 for lens epithelial cell 
structure and fiber cell morphogenesis. Dev Dyn 
2009;238(9):2292-2308. 
34. Laprise P, Viel A, Rivard N. Human homolog of 
disc-large is required for adherens junction assembly 
and differentiation of human intestinal epithelial cells. 
J Biol Chem 2004;279(11):10157-10166. 
  Dlg1 in the vesicle trafficking machinery 
 
7 
 
35. Reuver SM, Garner CC. E-cadherin mediated cell 
adhesion recruits SAP97 into the cortical 
cytoskeleton. J Cell Sci 1998;111 ( Pt 8):1071-1080. 
36. Stucke VM, Timmerman E, Vandekerckhove J, 
Gevaert K, Hall A. The MAGUK protein MPP7 binds 
to the polarity protein hDlg1 and facilitates epithelial 
tight junction formation. Mol Biol Cell 
2007;18(5):1744-1755. 
37. Van Campenhout CA, Eitelhuber A, Gloeckner 
CJ, Giallonardo P, Gegg M, Oller H, Grant SG, 
Krappmann D, Ueffing M, Lickert H. Dlg3 trafficking 
and apical tight junction formation is regulated by 
nedd4 and nedd4-2 e3 ubiquitin ligases. Dev Cell 
2011;21(3):479-491. 
38. Wu H, Reuver SM, Kuhlendahl S, Chung WJ, 
Garner CC. Subcellular targeting and cytoskeletal 
attachment of SAP97 to the epithelial lateral 
membrane. J Cell Sci 1998;111 ( Pt 16):2365-2376. 
39. Mendoza-Topaz C, Urra F, Barria R, Albornoz V, 
Ugalde D, Thomas U, Gundelfinger ED, Delgado R, 
Kukuljan M, Sanxaridis PD, Tsunoda S, Ceriani MF, 
Budnik V, Sierralta J. DLGS97/SAP97 is 
developmentally upregulated and is required for 
complex adult behaviors and synapse morphology 
and function. J Neurosci 2008;28(1):304-314. 
40. Tejedor FJ, Bokhari A, Rogero O, Gorczyca M, 
Zhang J, Kim E, Sheng M, Budnik V. Essential role 
for dlg in synaptic clustering of Shaker K+ channels 
in vivo. J Neurosci 1997;17(1):152-159. 
41. Thomas U, Kim E, Kuhlendahl S, Koh YH, 
Gundelfinger ED, Sheng M, Garner CC, Budnik V. 
Synaptic clustering of the cell adhesion molecule 
fasciclin II by discs-large and its role in the regulation 
of presynaptic structure. Neuron 1997;19(4):787-799. 
42. Zito K, Fetter RD, Goodman CS, Isacoff EY. 
Synaptic clustering of Fascilin II and Shaker: 
essential targeting sequences and role of Dlg. 
Neuron 1997;19(5):1007-1016. 
43. Elias GM, Nicoll RA. Synaptic trafficking of 
glutamate receptors by MAGUK scaffolding proteins. 
Trends Cell Biol 2007;17(7):343-352. 
44. Kim E, Sheng M. PDZ domain proteins of 
synapses. Nat Rev Neurosci 2004;5(10):771-781. 
45. Etienne-Manneville S, Manneville JB, Nicholls S, 
Ferenczi MA, Hall A. Cdc42 and Par6-PKCzeta 
regulate the spatially localized association of Dlg1 
and APC to control cell polarization. J Cell Biol 
2005;170(6):895-901. 
46. Manneville JB, Jehanno M, Etienne-Manneville S. 
Dlg1 binds GKAP to control dynein association with 
microtubules, centrosome positioning, and cell 
polarity. J Cell Biol 2010;191(3):585-598. 
47. Krummel MF, Macara I. Maintenance and 
modulation of T cell polarity. Nat Immunol 
2006;7(11):1143-1149. 
48. Lasserre R, Charrin S, Cuche C, Danckaert A, 
Thoulouze MI, de Chaumont F, Duong T, Perrault N, 
Varin-Blank N, Olivo-Marin JC, Etienne-Manneville S, 
Arpin M, Di Bartolo V, Alcover A. Ezrin tunes T-cell 
activation by controlling Dlg1 and microtubule 
positioning at the immunological synapse. Embo J 
2010;29(14):2301-2314. 
49. Hanada T, Lin L, Chandy KG, Oh SS, Chishti AH. 
Human homologue of the Drosophila discs large 
tumor suppressor binds to p56lck tyrosine kinase 
and Shaker type Kv1.3 potassium channel in T 
lymphocytes. J Biol Chem 1997;272(43):26899-
26904. 
50. Round JL, Humphries LA, Tomassian T, 
Mittelstadt P, Zhang M, Miceli MC. Scaffold protein 
Dlgh1 coordinates alternative p38 kinase activation, 
directing T cell receptor signals toward NFAT but not 
NF-kappaB transcription factors. Nat Immunol 
2007;8(2):154-161. 
51. Round JL, Tomassian T, Zhang M, Patel V, 
Schoenberger SP, Miceli MC. Dlgh1 coordinates 
actin polymerization, synaptic T cell receptor and 
lipid raft aggregation, and effector function in T cells. 
J Exp Med 2005;201(3):419-430. 
52. Duffield A, Caplan MJ, Muth TR. Protein 
trafficking in polarized cells. Int Rev Cell Mol Biol 
2008;270:145-179. 
53. Weisz OA, Rodriguez-Boulan E. Apical trafficking 
in epithelial cells: signals, clusters and motors. J Cell 
Sci 2009;122(Pt 23):4253-4266. 
54. Mellman I, Nelson WJ. Coordinated protein 
sorting, targeting and distribution in polarized cells. 
Nat Rev Mol Cell Biol 2008;9(11):833-845. 
55. Farias GG, Cuitino L, Guo X, Ren X, Jarnik M, 
Mattera R, Bonifacino JS. Signal-mediated, AP-
1/clathrin-dependent sorting of transmembrane 
receptors to the somatodendritic domain of 
hippocampal neurons. Neuron 2012;75(5):810-823. 
56. Folsch H, Ohno H, Bonifacino JS, Mellman I. A 
novel clathrin adaptor complex mediates basolateral 
targeting in polarized epithelial cells. Cell 
1999;99(2):189-198. 
57. Sugimoto H, Sugahara M, Folsch H, Koide Y, 
Nakatsu F, Tanaka N, Nishimura T, Furukawa M, 
Mullins C, Nakamura N, Mellman I, Ohno H. 
Differential recognition of tyrosine-based basolateral 
signals by AP-1B subunit mu1B in polarized 
epithelial cells. Mol Biol Cell 2002;13(7):2374-2382. 
58. Naim HY, Joberty G, Alfalah M, Jacob R. 
Temporal association of the N- and O-linked 
glycosylation events and their implication in the 
polarized sorting of intestinal brush border sucrase-
isomaltase, aminopeptidase N, and dipeptidyl 
peptidase IV. J Biol Chem 1999;274(25):17961-
17967. 
59. Potter BA, Ihrke G, Bruns JR, Weixel KM, Weisz 
OA. Specific N-glycans direct apical delivery of 
transmembrane, but not soluble or 
glycosylphosphatidylinositol-anchored forms of 
endolyn in Madin-Darby canine kidney cells. Mol Biol 
Cell 2004;15(3):1407-1416. 
60. Scheiffele P, Peranen J, Simons K. N-glycans as 
apical sorting signals in epithelial cells. Nature 
1995;378(6552):96-98. 
61. Yeaman C, Le Gall AH, Baldwin AN, Monlauzeur 
L, Le Bivic A, Rodriguez-Boulan E. The O-
glycosylated stalk domain is required for apical 
sorting of neurotrophin receptors in polarized MDCK 
cells. J Cell Biol 1997;139(4):929-940. 
62. Paladino S, Sarnataro D, Tivodar S, Zurzolo C. 
Oligomerization is a specific requirement for apical 
sorting of glycosyl-phosphatidylinositol-anchored 
proteins but not for non-raft-associated apical 
proteins. Traffic 2007;8(3):251-258. 
63. Simons K, Ikonen E. Functional rafts in cell 
membranes. Nature 1997;387(6633):569-572. 
64. Ang AL, Taguchi T, Francis S, Folsch H, Murrells 
LJ, Pypaert M, Warren G, Mellman I. Recycling 
  Dlg1 in the vesicle trafficking machinery 
 
8 
 
endosomes can serve as intermediates during 
transport from the Golgi to the plasma membrane of 
MDCK cells. J Cell Biol 2004;167(3):531-543. 
65. Jaulin F, Xue X, Rodriguez-Boulan E, Kreitzer G. 
Polarization-dependent selective transport to the 
apical membrane by KIF5B in MDCK cells. Dev Cell 
2007;13(4):511-522. 
66. Lafont F, Burkhardt JK, Simons K. Involvement of 
microtubule motors in basolateral and apical 
transport in kidney cells. Nature 
1994;372(6508):801-803. 
67. Nakagawa T, Setou M, Seog D, Ogasawara K, 
Dohmae N, Takio K, Hirokawa N. A novel motor, 
KIF13A, transports mannose-6-phosphate receptor 
to plasma membrane through direct interaction with 
AP-1 complex. Cell 2000;103(4):569-581. 
68. Setou M, Nakagawa T, Seog DH, Hirokawa N. 
Kinesin superfamily motor protein KIF17 and mLin-
10 in NMDA receptor-containing vesicle transport. 
Science 2000;288(5472):1796-1802. 
69. Setou M, Seog DH, Tanaka Y, Kanai Y, Takei Y, 
Kawagishi M, Hirokawa N. Glutamate-receptor-
interacting protein GRIP1 directly steers kinesin to 
dendrites. Nature 2002;417(6884):83-87. 
70. Grindstaff KK, Yeaman C, Anandasabapathy N, 
Hsu SC, Rodriguez-Boulan E, Scheller RH, Nelson 
WJ. Sec6/8 complex is recruited to cell-cell contacts 
and specifies transport vesicle delivery to the basal-
lateral membrane in epithelial cells. Cell 
1998;93(5):731-740. 
71. Hazuka CD, Foletti DL, Hsu SC, Kee Y, Hopf FW, 
Scheller RH. The sec6/8 complex is located at 
neurite outgrowth and axonal synapse-assembly 
domains. J Neurosci 1999;19(4):1324-1334. 
72. Fujita H, Tuma PL, Finnegan CM, Locco L, 
Hubbard AL. Endogenous syntaxins 2, 3 and 4 
exhibit distinct but overlapping patterns of expression 
at the hepatocyte plasma membrane. Biochem J 
1998;329 ( Pt 3):527-538. 
73. Low SH, Chapin SJ, Weimbs T, Komuves LG, 
Bennett MK, Mostov KE. Differential localization of 
syntaxin isoforms in polarized Madin-Darby canine 
kidney cells. Mol Biol Cell 1996;7(12):2007-2018. 
74. ter Beest MB, Chapin SJ, Avrahami D, Mostov 
KE. The role of syntaxins in the specificity of vesicle 
targeting in polarized epithelial cells. Mol Biol Cell 
2005;16(12):5784-5792. 
75. Gardoni F, Mauceri D, Marcello E, Sala C, Di 
Luca M, Jeromin A. SAP97 directs the localization of 
Kv4.2 to spines in hippocampal neurons: regulation 
by CaMKII. J Biol Chem 2007;282(39):28691-28699. 
76. Sans N, Racca C, Petralia RS, Wang YX, 
McCallum J, Wenthold RJ. Synapse-associated 
protein 97 selectively associates with a subset of 
AMPA receptors early in their biosynthetic pathway. J 
Neurosci 2001;21(19):7506-7516. 
77. Tiffany AM, Manganas LN, Kim E, Hsueh YP, 
Sheng M, Trimmer JS. PSD-95 and SAP97 exhibit 
distinct mechanisms for regulating K(+) channel 
surface expression and clustering. J Cell Biol 
2000;148(1):147-158. 
78. Mauceri D, Gardoni F, Marcello E, Di Luca M. 
Dual role of CaMKII-dependent SAP97 
phosphorylation in mediating trafficking and insertion 
of NMDA receptor subunit NR2A. J Neurochem 
2007;100(4):1032-1046. 
79. Jeyifous O, Waites CL, Specht CG, Fujisawa S, 
Schubert M, Lin EI, Marshall J, Aoki C, de Silva T, 
Montgomery JM, Garner CC, Green WN. SAP97 and 
CASK mediate sorting of NMDA receptors through a 
previously unknown secretory pathway. Nat Neurosci 
2009;12(8):1011-1019. 
80. Mok H, Shin H, Kim S, Lee JR, Yoon J, Kim E. 
Association of the kinesin superfamily motor protein 
KIF1Balpha with postsynaptic density-95 (PSD-95), 
synapse-associated protein-97, and synaptic 
scaffolding molecule PSD-95/discs large/zona 
occludens-1 proteins. J Neurosci 2002;22(13):5253-
5258. 
81. Leonoudakis D, Conti LR, Radeke CM, McGuire 
LM, Vandenberg CA. A multiprotein trafficking 
complex composed of SAP97, CASK, Veli, and Mint1 
is associated with inward rectifier Kir2 potassium 
channels. J Biol Chem 2004;279(18):19051-19063. 
82. Lee S, Fan S, Makarova O, Straight S, Margolis 
B. A novel and conserved protein-protein interaction 
domain of mammalian Lin-2/CASK binds and recruits 
SAP97 to the lateral surface of epithelia. Mol Cell 
Biol 2002;22(6):1778-1791. 
83. Cai C, Coleman SK, Niemi K, Keinanen K. 
Selective binding of synapse-associated protein 97 
to GluR-A alpha-amino-5-hydroxy-3-methyl-4-
isoxazole propionate receptor subunit is determined 
by a novel sequence motif. J Biol Chem 
2002;277(35):31484-31490. 
84. Nash JE, Appleby VJ, Correa SA, Wu H, Fitzjohn 
SM, Garner CC, Collingridge GL, Molnar E. 
Disruption of the interaction between myosin VI and 
SAP97 is associated with a reduction in the number 
of AMPARs at hippocampal synapses. J Neurochem 
2010;112(3):677-690. 
85. Wells AL, Lin AW, Chen LQ, Safer D, Cain SM, 
Hasson T, Carragher BO, Milligan RA, Sweeney HL. 
Myosin VI is an actin-based motor that moves 
backwards. Nature 1999;401(6752):505-508. 
86. Buss F, Kendrick-Jones J. How are the cellular 
functions of myosin VI regulated within the cell? 
Biochem Biophys Res Commun 2008;369(1):165-
175. 
87. Au JS, Puri C, Ihrke G, Kendrick-Jones J, Buss F. 
Myosin VI is required for sorting of AP-1B-dependent 
cargo to the basolateral domain in polarized MDCK 
cells. J Cell Biol 2007;177(1):103-114. 
88. Chibalina MV, Poliakov A, Kendrick-Jones J, 
Buss F. Myosin VI and optineurin are required for 
polarized EGFR delivery and directed migration. 
Traffic 2010;11(10):1290-1303. 
89. Bond LM, Peden AA, Kendrick-Jones J, Sellers 
JR, Buss F. Myosin VI and its binding partner 
optineurin are involved in secretory vesicle fusion at 
the plasma membrane. Mol Biol Cell 2011;22(1):54-
65. 
90. Asaba N, Hanada T, Takeuchi A, Chishti AH. 
Direct interaction with a kinesin-related motor 
mediates transport of mammalian discs large tumor 
suppressor homologue in epithelial cells. J Biol 
Chem 2003;278(10):8395-8400. 
91. Bolis A, Coviello S, Visigalli I, Taveggia C, Bachi 
A, Chishti AH, Hanada T, Quattrini A, Previtali SC, 
Biffi A, Bolino A. Dlg1, Sec8, and Mtmr2 regulate 
membrane homeostasis in Schwann cell myelination. 
J Neurosci 2009;29(27):8858-8870. 
  Dlg1 in the vesicle trafficking machinery 
 
9 
 
92. Yamada KH, Hanada T, Chishti AH. The effector 
domain of human Dlg tumor suppressor acts as a 
switch that relieves autoinhibition of kinesin-3 motor 
GAKIN/KIF13B. Biochemistry 2007;46(35):10039-
10045. 
93. Philippe M, Leger T, Desvaux R, Walch L. Discs 
Large 1 (Dlg1) Scaffolding Protein Participates with 
Clathrin and Adaptator Protein Complex 1 (AP-1) in 
Forming Weibel-Palade Bodies of Endothelial Cells. 
J Biol Chem 2013;288(18):13046-13056. 
94. Sadler JE. Biochemistry and genetics of von 
Willebrand factor. Annu Rev Biochem 1998;67:395-
424. 
95. Lui-Roberts WW, Collinson LM, Hewlett LJ, 
Michaux G, Cutler DF. An AP-1/clathrin coat plays a 
novel and essential role in forming the Weibel-
Palade bodies of endothelial cells. J Cell Biol 
2005;170(4):627-636. 
96. Inoue M, Chiang SH, Chang L, Chen XW, Saltiel 
AR. Compartmentalization of the exocyst complex in 
lipid rafts controls Glut4 vesicle tethering. Mol Biol 
Cell 2006;17(5):2303-2311. 
97. Bryant NJ, Govers R, James DE. Regulated 
transport of the glucose transporter GLUT4. Nat Rev 
Mol Cell Biol 2002;3(4):267-277. 
98. Leto D, Saltiel AR. Regulation of glucose 
transport by insulin: traffic control of GLUT4. Nat Rev 
Mol Cell Biol 2012;13(6):383-396. 
99. Gorczyca D, Ashley J, Speese S, Gherbesi N, 
Thomas U, Gundelfinger E, Gramates LS, Budnik V. 
Postsynaptic membrane addition depends on the 
Discs-Large-interacting t-SNARE Gtaxin. J Neurosci 
2007;27(5):1033-1044. 
100. Hatsuzawa K, Hirose H, Tani K, Yamamoto A, 
Scheller RH, Tagaya M. Syntaxin 18, a SNAP 
receptor that functions in the endoplasmic reticulum, 
intermediate compartment, and cis-Golgi vesicle 
trafficking. J Biol Chem 2000;275(18):13713-13720. 
101. Massimi P, Narayan N, Thomas M, Gammoh N, 
Strand S, Strand D, Banks L. Regulation of the 
hDlg/hScrib/Hugl-1 tumour suppressor complex. Exp 
Cell Res 2008;314(18):3306-3317. 
102. McMahon HT, Boucrot E. Molecular mechanism 
and physiological functions of clathrin-mediated 
endocytosis. Nat Rev Mol Cell Biol 2011;12(8):517-
533. 
103. Doherty GJ, McMahon HT. Mechanisms of 
endocytosis. Annu Rev Biochem 2009;78:857-902. 
104. Hinshaw JE, Schmid SL. Dynamin self-
assembles into rings suggesting a mechanism for 
coated vesicle budding. Nature 1995;374(6518):190-
192. 
105. Smythe E, Carter LL, Schmid SL. Cytosol- and 
clathrin-dependent stimulation of endocytosis in vitro 
by purified adaptors. J Cell Biol 1992;119(5):1163-
1171. 
106. Takei K, McPherson PS, Schmid SL, De Camilli 
P. Tubular membrane invaginations coated by 
dynamin rings are induced by GTP-gamma S in 
nerve terminals. Nature 1995;374(6518):186-190. 
107. Motley A, Bright NA, Seaman MN, Robinson 
MS. Clathrin-mediated endocytosis in AP-2-depleted 
cells. J Cell Biol 2003;162(5):909-918. 
108. Osterweil E, Wells DG, Mooseker MS. A role for 
myosin VI in postsynaptic structure and glutamate 
receptor endocytosis. J Cell Biol 2005;168(2):329-
338. 
109. Lavezzari G, McCallum J, Lee R, Roche KW. 
Differential binding of the AP-2 adaptor complex and 
PSD-95 to the C-terminus of the NMDA receptor 
subunit NR2B regulates surface expression. 
Neuropharmacology 2003;45(6):729-737. 
110. He J, Bellini M, Inuzuka H, Xu J, Xiong Y, Yang 
X, Castleberry AM, Hall RA. Proteomic analysis of 
beta1-adrenergic receptor interactions with PDZ 
scaffold proteins. J Biol Chem 2006;281(5):2820-
2827. 
111. Gardner LA, Naren AP, Bahouth SW. Assembly 
of an SAP97-AKAP79-cAMP-dependent protein 
kinase scaffold at the type 1 PSD-95/DLG/ZO1 motif 
of the human beta(1)-adrenergic receptor generates 
a receptosome involved in receptor recycling and 
networking. J Biol Chem 2007;282(7):5085-5099. 
112. Komada M, Kitamura N. The Hrs/STAM 
complex in the downregulation of receptor tyrosine 
kinases. J Biochem 2005;137(1):1-8. 
113. Raiborg C, Bache KG, Mehlum A, Stang E, 
Stenmark H. Hrs recruits clathrin to early 
endosomes. EMBO J 2001;20(17):5008-5021. 
114. Raiborg C, Bache KG, Gillooly DJ, Madshus IH, 
Stang E, Stenmark H. Hrs sorts ubiquitinated 
proteins into clathrin-coated microdomains of early 
endosomes. Nat Cell Biol 2002;4(5):394-398. 
115. Tu C, Ahmad G, Mohapatra B, Bhattacharyya 
S, Ortega-Cava CF, Chung BM, Wagner KU, Raja 
SM, Naramura M, Band V, Band H. ESCRT proteins: 
Double-edged regulators of cellular signaling. 
Bioarchitecture 2011;1(1):45-48. 
116. Du X, Kazim AS, Brown AJ, Yang H. An 
essential role of Hrs/Vps27 in endosomal cholesterol 
trafficking. Cell Rep 2012;1(1):29-35. 
117. Sato J, Shimazu D, Yamamoto N, Nishikawa T. 
An association analysis of synapse-associated 
protein 97 (SAP97) gene in schizophrenia. J Neural 
Transm 2008;115(9):1355-1365. 
118. Uezato A, Kimura-Sato J, Yamamoto N, Iijima 
Y, Kunugi H, Nishikawa T. Further evidence for a 
male-selective genetic association of synapse-
associated protein 97 (SAP97) gene with 
schizophrenia. Behav Brain Funct 2012;8:2. 
119. Hammond JC, McCullumsmith RE, Funk AJ, 
Haroutunian V, Meador-Woodruff JH. Evidence for 
abnormal forward trafficking of AMPA receptors in 
frontal cortex of elderly patients with schizophrenia. 
Neuropsychopharmacology 2010;35(10):2110-2119. 
120. Toyooka K, Iritani S, Makifuchi T, Shirakawa O, 
Kitamura N, Maeda K, Nakamura R, Niizato K, 
Watanabe M, Kakita A, Takahashi H, Someya T, 
Nawa H. Selective reduction of a PDZ protein, SAP-
97, in the prefrontal cortex of patients with chronic 
schizophrenia. J Neurochem 2002;83(4):797-806. 
121. Marcello E, Epis R, Saraceno C, Gardoni F, 
Borroni B, Cattabeni F, Padovani A, Di Luca M. 
SAP97-mediated local trafficking is altered in 
Alzheimer disease patients' hippocampus. Neurobiol 
Aging 2012;33(2):422 e421-410. 
122. Howell GJ, Holloway ZG, Cobbold C, Monaco 
AP, Ponnambalam S. Cell biology of membrane 
trafficking in human disease. Int Rev Cytol 
2006;252:1-69. 
123. McLaughlin M, Hale R, Ellston D, Gaudet S, 
Lue RA, Viel A. The distribution and function of 
alternatively spliced insertions in hDlg. J Biol Chem 
2002;277(8):6406-6412. 
  Dlg1 in the vesicle trafficking machinery 
 
10 
 
124. Mori K, Iwao K, Miyoshi Y, Nakagawara A, Kofu 
K, Akiyama T, Arita N, Hayakawa T, Nakamura Y. 
Identification of brain-specific splicing variants of the 
hDLG1 gene and altered splicing in neuroblastoma 
cell lines. J Hum Genet 1998;43(2):123-127. 
  
  Dlg1 in the vesicle trafficking machinery 
 
11 
 
 
Table1: Specific cargoes whose trafficking depends on Dlg1. Dlg1 localization depends on its direct or 
indirect interaction with integral membrane proteins. Cargoes are likely to recruit Dlg1 at nascent or preexisting 
post-Golgi or endocytotic vesicles. Dlg1 behaves like a platform that assembles specific complexes containing 
cargoes and proteins from the trafficking machinery. Therefore depending on the cell type, Dlg1 controls various 
cargo trafficking steps.  
Cargo Cell type Trafficking steps in which Dlg1 participates Reference 
ADAM10 Neuron Delivery at the hippocampal synapse (12) 
AMPAR Neuron Trafficking from the ER to the Golgi network? (76) 
  Myosin VI-dependent delivery at the hippocampal synapse (10, 84) 
  Myosin VI- and AP-2-dependent endocytosis (108) 
Glut4 Adipocyte Sec8-dependent delivery to lipid rafts at the plasma 
membrane in response to insulin 
(96) 
Kir2 channel Neuron KIF17-dependent delivery to the post-synaptic membrane? (81) 
Kv1 and Kv4.2 channels Neuron Trafficking from the ER to the Golgi network? (75, 77) 
NMDAR Neuron Trafficking from the ER to the Golgi network? (78) 
  KIF17-dependent delivery to the post-synaptic membrane (68, 79) 
Membrane Schwann 
cells 
KIF13B- and sec8-dependent delivery to subdomains of 
the plasma membrane 
(91) 
VWF Endothelial 
cells 
Clathrin- and AP-1-dependent sorting at the Golgi network (93) 
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Figure 1: Organization of the protein-protein binding domains of the Drosophila Dlg and the human Dlg1 
and direct interacting partners of the vesicle trafficking machinery. The Dlg(1) gene encodes a multidomain 
scaffolding protein composed of six main protein-binding domains: L27, PDZ1-3, SH3 and GUK. (A)There are two 
major Dlg isoforms in Drosophila encoded by two alternative transcripts, one which lacks an L27 domain (DlgA) 
and one which contains an L27 domain (DlgS97). (B) In mammals, Dlg1 mRNAs are known to contain two 
regions that encompass alternatively spliced exons, leading to several isoforms (123, 124). The N-terminal region 
is located between the L27 and the PDZ1 domain. Two proline-rich insertions I1A and I1B may be alternatively 
present in this region with all possible combinations except I1A alone. The I1A+I1B variant binds to the SH3 
domains of a number of tyrosine-kinases (123). The other alternatively spliced region is located between the SH3 
and the GUK domain. This region generates variants containing a combination of four small insertions: I2, I3, I4 
and I5 (123). Only the better described isoforms are represented here although at least seven different transcripts 
have been reported whose expression is tissue-specific (124). The I3 insertion may bind proteins associated with 
the actin cytoskeleton (2, 18). In addition, the I3 insertion is necessary for Dlg1-dependent activation of the 
microtubule-stimulated ATPase activity of KIF13B (92). The functionality of the other insertions is poorly 
understood. (C) In mammals, Dlg1 domains recruit proteins of the vesicle trafficking machinery and/or cargoes to 
form functional protein complexes and contribute to exocytosis and endocytosis pathways. Only direct interaction 
partners are represented. 
Figure 2: Schematic representation, in a model cell, of the main vesicle trafficking steps in which Dlg1 
was shown to be involved. By bringing together cargoes and proteins implicated in the trafficking machinery, 
Dlg1 participates in exocytic (left) and endocytic (right) pathways. Depending on cargoes and cell type, Dlg1 has 
been shown to participate in different trafficking steps. Sorting: in endothelial cells, Dlg1 is implicated in forming 
with clathrin and AP-1 the specific secretory granules that store VWF. Transport: in neurons and Schwann cells, 
Dlg1 recruits the motor proteins of the kinesin family, KIF17 and KIF13B, at transport vesicles for delivery of 
NMDARs or membrane components to specific zones of the plasma membrane. Tethering: in adipocytes and 
Schwann cells, Dlg1 recruits sec8, a member of the exocyst complex, to the plasma membrane or vesicle 
surface, respectively. Dlg1 therefore participates in Glut4 delivery to lipid rafts at the plasma membrane of 
adipocytes and to myelination in Schwann cells. Fusion: Dlg1 has been shown to interact with the t-SNARE, 
syntaxin-4, in keratinocytes, although the exact function of this interaction remains to be elucidated. 
Internalization: at the plasma membrane of hippocampal neurons, Dlg1 brings together myosin VI, AP-2 and 
AMPARs for receptor endocytosis. 
 
